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Abstract
Replacing conventional vehicles by Plug-in Electric Vehicles (PEVs)
would likely increase electricity demand and put higher stress on
the electrical power system. This thesis presents an approach to
evaluate the impact on electrical distribution systems (DSs) caused
by charging PEVs and load management of heating loads. The
approach considers both vehicle usage statistics and demographic
data to estimate when PEVs could be charged in different parts of
a DS.
A case study was performed on a residential and a commercial
part of the DS in Gothenburg. Three different control strategies
for the charging were investigated, i.e. uncontrolled, loss-optimal
and price-optimal strategies. The control strategies would have a
significant effect on the timing of the charging, as well as the access
of available infrastructure for charging.
The results showed that if all vehicles were PEVs and charged
uncontrolled, peak demand would increase by between 21 - 35% in
the residential area and by between 1-3% in the commercial area.
If customers were directly exposed to the spot price at the Nordic
day-ahead market and would charge according to the price-optimal
control strategy, peak power would increase by 78% for the resi-
dential area and 14% for the commercial area. If the charging were
controlled according to the loss-optimal control strategy, the charg-
ing would be conducted during off-peak hours without increasing
peak demand, even if all vehicles were PEVs.
By controlling the heating loads in the residential area accord-
ing to the price-optimal control strategy peak demand would in-
crease by more than 80%, while peak demand would be reduced
by almost 10% if the loss-optimal control strategy were applied.
Keywords: Electrical distribution system, Electric vehicle (EV),
Load management, Open loop radial distribution system, Plug-in
Electric Vehicle (PEV), Plug-in hybrid electric vehicle (PHEV)
v
vi
Acknowledgements
The financial support provided by Go¨teborg Energi’s Research
Foundation is gratefully acknowledged. I would also like to thank
all members of the reference group, Ulf O¨stermark, Niklas Carls-
son, Emilia Ka¨ck, Johan So¨derbom and Stefan Montin, for their
support throughout the project. Gunilla Le Dous at Go¨teborg
Energi is gratefully acknowledged for supporting me with data re-
garding the distribution system in Gothenburg.
Transport Analysis (Trafik Analys) is acknowledged for facili-
tating data from the national travel survey and the Swedish Energy
Agency (Energimyndigheten) for facilitating data from their me-
tering campaign.
I would like to thank my supervisor Ola Carlson and my exam-
iner Lina Bertling for their encouragement, support and discussion.
I would also like to thank all colleagues at the division of
Electric Power Engineering for interesting coffee-breaks, language
schools and a pleasant work environment, especially Oskar Josef-
sson, Tuan Le Anh and Saeid Haghbin for their patience with
my endless questions. I would also like to thank my formal col-
leagues Anders Lindskog and Miguel Ortega-Vazquez for sharing
their thoughts and for letting me get to know them.
At last, I would like to send my thoughts to my family and
friends, thanks for your support, consideration, patience and for
enriching my life.
David Steen
Gothenburg,
Sweden, 2012
vii
viii
List of Publications
The publications originating from this project are:
[I] Lina Bertling, Ola Carlson, Sonja Lundmark and David Steen,
“Integration of Plug-in Hybrid Electric Vehicles and Electric
Vehicles - Experience From Sweden.”
Power and Energy Society General Meeting, 2010 IEEE.
[II] Saman Babaei, David Steen, Tuan Le, Ola Carlson and Lina
Bertling, “Effects of Plug-in Electric Vehicles on Distribution
Systems: The Real Case of Gothenburg.”
IEEE PES Conference on Innovative Smart Grid Technolo-
gies Europe, Gothenburg, Sweden, October 10-13, 2010.
[III] David Steen, Tuan Le, Miguel Ortega-Vazquez Ola Carlson,
Lina Bertling and Viktoria Neimane, “Scheduling Charging
of Electric Vehicles for Optimal Distribution Systems Plan-
ning and Operation.”
CIRED, Frankfurt, Germany, June 6-9, 2011.
[IV] David Steen, Salem Al-Yami, Tuan Le, Ola Carlson and Lina
Bertling, “Optimal Load Management of Electric Heating
and PEV Loads in a Residential Distribution System in Swe-
den. ”
IEEE PES Conference on Innovative Smart Grid Technolo-
gies Europe, Manchester, UK, December 5-7, 2011,
[V] David Steen, Tuan Le, Ola Carlson and Lina Bertling, “As-
sessment of Electric Vehicle Charging Scenarios Based on De-
mographical Data.”
Accepted to be published in IEEE Transaction on Smart Grid
Technology.
ix
x
Contents
Abstract v
Acknowledgements vii
List of Publications ix
Contents xii
List of Abbreviations xiii
List of Nomenclatures xv
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Purpose of Thesis and Contributions . . . . . . . . 2
1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . 3
2 Plug-in Electric Vehicles and Load Management 5
2.1 Plug in Electric Vehicles (PEV) . . . . . . . . . . . 5
2.2 Load Management . . . . . . . . . . . . . . . . . . 10
3 Case Set-up 11
3.1 The Proposed Approach . . . . . . . . . . . . . . . 11
3.2 Assumptions and Data for the Case Study . . . . . 22
4 Results from the Case Study 39
4.1 Capacity in the Distribution System . . . . . . . . 39
4.2 Impact on the Distribution System due to PEVs . . 42
4.3 Impact on the Distribution System due to LoadMan-
agement . . . . . . . . . . . . . . . . . . . . 49
4.4 Impact on the Distribution System due to PEVs and
Load Management . . . . . . . . . . . . . . . . . . 51
xi
xii CONTENTS
5 Conclusions 57
6 Future Work 59
References 66
List of Abbreviations
The following list presents abbreviations that are used throughout
this thesis:
EPS Electrical Power System
DSO Distribution System Operator
DS Electrical Distribution System
LV-DS Low Voltage Distribution System
OLR-DS Open Loop Radial Distribution System
DG Distributed Generation
DES Distributed Energy Storage
V2G Vehicle To Grid
PHEV Plug-in Hybrid Electric Vehicle
HEV Hybrid Electric Vehicle
EV Electric Vehicle
PEV Plug-in Electric Vehicle
ZEV Zero Emission Vehicle
DME Dimethyl Ether
SS Sectionalizing switches
TS Tie switches
xiii
xiv CONTENTS
List of Nomenclatures
The following list presents nomenclatures that are used throughout
this thesis:
PEVmax Maximum number of PEVs
PEVshare PEV penetration rate (1 = 100% PEVs)
VWh No. of vehicles stopping at work at hour h
VHh No. of vehicles stopping at home at hour h
VSLh No. of vehicles used for shopping and leisure journeys
stopping at home at hour h
VH Ph No. of vehicles parked at home at hour h
VW Ph No. of vehicles parked at work at hour h
VSL Ph No. of vehicles used for shopping and leisure journeys
parked at home at hour h
CPP Active charge power
cosϕ Power factor of the charger
CT Charge time
Dist Average driving distance
Cons Average energy consumption [kWh/km]
η Charge efficiency (”Grid to Battery”)
PPEVi,h Active PEV load at bus i at hour h
QPEVi,h Reactive PEV load at bus i at hour h
xv
xvi CONTENTS
Pi,h Power at bus i at hour h
Pbasei,h Forecast non-variable power demand at bus i at hour
h
Pvari,h Forecast variable power demand at bus i at hour h
PDi,h Forecast power demand at bus i at hour h
Ploss Losses in the DS
i Bus index
h Hour index
n No. of buses
Gi,j Conductance of cable (i,j )
Yi,j Element of the network admittance matrix
θi,j Angle associated with Yi,j
Vi,h Voltage at bus i at hour h
δi,h Angle associated with Vi,h
Ii,j,h Current in cable (i,j ) at hour h
Imaxi,j Maximum current capacity in cable (i,j )
Smaxi Maximum apparent power capacity in transformer (i)
celh Electricity price at hour (h)
CostPEV The average charge cost of one PEV
Priceh The electricity price per kWh at hour h
WPCity No. of workplaces in the city
WPDS No. of workplaces in the DS
WPD No. of workplaces in the district where the DS is lo-
cated
EPDS No. of employed individuals living in the DS
CONTENTS xvii
EPD No. of employed individuals living in the district where
the DS is located
FDS No. of customers (families) connected to the DS
FD No. of families living in the district where the DS is
located
VCSCity Vehicle commuting share in the city or country
VCSDS Vehicle commuting share in the DS
VCity No. of vehicles registered in the city
VDS No. of vehicles registered in the DS
VSLcity No. of vehicles used for shopping and leisure journeys
in the city
Tini,h Indoor temperature of each house at bus i at hour h
Touth Outdoor temperature at hour h
τ Time constant of each house
Req Thermal conductance of each house
Custi No. of customer at bus i
Tmin Minimum indoor temperature
Tmax Maximum indoor temperature
Evar Total variable energy for the reference scenario
Pf,c Power capacity for the system in case of failure in
feeder f, for reconfiguration c
Pmaxf Maximum power capacity for the system in case of a
failure in feeder f, for the optimal reconfiguration
xviii CONTENTS
Chapter 1
Introduction
1.1 Background
The Electric Power System (EPS), as well as the transport sector,
are facing major overall changes in the near future. The EPS is fac-
ing an increase of decentralized, intermittent electricity generation
and changes in the electricity demand. Partially to handle these
challenges, a concept called ”smart grid” was introduced. The con-
cept can be seen as a further development of the existing EPS with
increased monitoring and communication possibilities to enhance
the performance of the EPS and to support additional services to
consumers.
One of the major challenges the transport sector is facing is
tougher legislation regarding emission levels in several countries.
To reduce emissions, industry is looking into energy carriers other
than fossil fuels, such as hydrogen, ethanol, DME and electricity.
However, only electricity and hydrogen can be used to accomplish
zero emission vehicles (ZEVs), a key requirement in several U.S
states, e.g. California. Several car manufacturers have started to
produce electric vehicles (EVs) and the number of EVs are steadily
increasing.
Different levels of electrification of vehicles can be attained,
e.g. hybrid electric vehicle (HEV), plug-in hybrid electric vehicle
(PHEV) and electric vehicle (EV). The HEV does not have elec-
tricity as its primary energy carrier and electrification is used to
increase the efficiency of the vehicle by regenerating energy from
braking and by operate its combustion engine at higher efficiencies
compared to conventional vehicles. The PHEV has the same ad-
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vantages as the HEV but with a higher battery capacity and can
be energized from the EPS and propelled with only electricity. The
EVs do not have an internal combustion engine and can therefore
only be propelled by electricity.
The main disadvantages of HEVs and PHEVs are their complex
systems and increased cost compared to conventional vehicles due
to the increased number of components (they need both an electric
motor and internal combustion engine [1]). The drawbacks of EVs
are the high cost, the short range and, for several countries, the
lack of infrastructure for charging [1].
Plug-in electric Vehicles (PEVs), which refer to both PHEVs
and EVs, can, as stated, be energized by the EPS and will thereby
also affect the EPS. Since only a limited number of PEVs are avail-
able today, the impact on the EPS is difficult to estimate; besides,
it is not certain that PEVs will gain a significant market share.
However, due to the long planning horizon of the EPS it is ad-
visable, when planning the EPS, to consider the possibility of an
increased load due to PEVs. To reduce the impact on the DS, the
charging of the batteries in the PEVs can be controlled in different
ways. Control strategies can be enabled by the transformation to
a smart grid society. However, it is important to bear in mind that
these control strategies could also be applied to other electrical
loads, such as space heating, laundry machines and dishwashers.
To avoid inadequate strategies, it is important to incorporate these
loads when formulating control strategies.
1.2 Purpose of Thesis and Contribu-
tions
The main objective of this study is to develop an approach to
evaluate the impact of PEVs charging on an electric distribution
system (DS). The focus of the study is on steady state conditions
in the DS, such as power capacity limitations in the DS.
Different charge control strategies are designed and the impact
on the DS is compared for the proposed control strategies. The
control strategies could also affect how the existing electrical loads
are utilized and to investigate the potential impact of the changed
usage. In addition, an approach to find the optimal reconfigura-
tion of an open loop radial DS (OLR-DS) with regard to transfer
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capacity is developed.
The main contributions of this thesis may be listed as follows:
 An approach to evaluate the impact of PEVs charging on an
electrical distribution system, based on vehicle statistics and
demographical data, for different control strategies.
 An approach to evaluate the effects on an electrical distribu-
tion system of load management of electrical heating loads
in residential homes.
 An approach to find maximum capacity in an OLR-DS for
different reconfiguration option in the event of loss of a feeder.
A case study of the DS in Gothenburg has been conducted using
the proposed approaches.
1.3 Thesis Outline
The outline of the thesis is as follows: Chapter 2 presents an
overview of the work completed on the impact of PEVs charg-
ing on the EPS, as well as load management techniques. Chapter
3 presents the proposed approach and the assumption and data
used in the study. Chapter 4 presents the results of the case study
and Chapters 5 and 6 present the conclusions and suggestions for
future work.
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Chapter 2
Plug-in Electric Vehicles
and Load Management
This chapter presents part of the work conducted on the impact
on the electrical power system (EPS) due to PEVs, as well as the
concept of load management.
2.1 Plug in Electric Vehicles (PEV)
The first electric vehicle (EV) was designed at the same time as
the internal combustion engine vehicle (ICEV), for over a century
ago; however, the ICEV became the dominant transportation tech-
nology. Today, the interest in EVs has increased primarily due to
legislation, environmental concerns and the issue of oil dependence.
Major concerns regarding PEVs include price, short range and ac-
cess to charging infrastructure [1]. The main reason for the high
price is the battery and, for the PHEVs, the increased complexity
of the drive train [1]. As the development and production volumes
of batteries increase, the battery cost/kWh is assumed to decrease
resulting in lower cost and/or longer driving rages [1]. The infras-
tructures for charging PEVs are expanding in several cities, both
by local energy companies and by new market players. Some coun-
tries have initiated governmental programs to promote PEVs by
developing a charge infrastructure.
Although PEVs have a lengthly history, they may be regarded
as a relatively new area of research, especially from an EPS per-
spective. Since vehicle design and batteries has been seen as the
major concerns regarding PEVs, most of the research has been
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concentrating on these topics.
One of the first papers published on the impact on the EPS due
to PEVs was [2], published in 1983. The study investigated how
load management of PEVs could lower peak power in the EPS.
Other studies performed at that time, such as [3], stated that to
avoid increased peaks in the EPS there was a need to distribute
the charging to off-peak periods. However, it would take into the
early 2000:s until the topic to attracted greater academic interest.
Below, the reader will find a short review of the literature published
regarding impacts on the EPS due to PEVs and approaches to
minimize the impacts, both on a national level (EPS) and on a
local level (DS).
2.1.1 Impact on the Electric Power System
Most early studies are dealing with the impact on the EPS on a
national level. The results vary considerably for different countries,
both because of differences in the architecture of the EPS but also
due to differences in electricity consumption.
In [4] the impact of PEVs charging on the EPS in Sweden was
investigated for different scenarios, with most severe scenario as-
suming that 80% of all vehicles in Sweden would be PEVs by 2030.
This would result in increased electricity consumption of about 6%,
that is about 9.5 TWh/year [4]. The total power used for charging
depend on the individual charge power and the distribution of the
charging in time. With one phase 230 V/10 A charging, the accu-
mulative total power would reach a maximum of 3000 MW, which
is about 10% of the installed capacity in Sweden. There might be
a need to increase the capacity on a national level or alternatively
to coordinate the charging to take place during off-peak hours [4].
According to [5], above 70% of American vehicles may be con-
verted to PEVs without exceeding the existing generation capacity
if the charging would be conducted during off-peak hours [5]. How-
ever, the maximal possible PEV share varies between 18 - 127%
among different states [5].
According to [6], the power capacity of the Portuguese EPS may
not be adequate if uncontrolled charging were conducted even for
low penetration levels. The peak power would increase by about
30% for a penetration level of 17%. However, the energy consump-
tion would only increase by about 3.2% for the same penetration
level.
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The installed power capacity in France would, according to [7],
be about 124 GW in 2015. By charging PEVs in an uncontrolled
manner, about 10% of the vehicle fleet could be supported by
the EPS. If the charging were coordinated, the capacity would be
enough to supply more than 70% of the vehicle fleet with electric-
ity [7].
A couple of statements may be found in most studies; first the
increased energy demand is not a major problem since the energy
needed is minor in comparison with total energy consumption in
most countries. Second, the generation and transmission capacities
are the limiting factors when it comes to a massive introduction
of PEVs. This could be solved by controlling the time when the
charging would be conducted, either by legislation or by giving
customers incentives to optimally adjust the timing of the charging.
From these studies it can be concluded that the impact on the
EPS would likely be more severe for countries with low electricity
consumption per capita than for countries with higher consump-
tion. For countries with low electricity consumption, the EPS and
generation capacity are designed for lower consumption and the
added load from charging PEVs would be a larger share of the
total load compared to countries with high consumption.
2.1.2 Impact on the Electrical Distribution Sys-
tem
Despite the capacity limitations on a national level, the regional
and local effects can be even more severe if uncontrolled charging
were conducted. Most countries that have been investigated would
have some limitations in the DS for large penetration level.
The impact on the Spanish DS is, among others, investigated
in [8], the focus being to estimate the reinforcement cost and losses
in the power system for different scenarios. Two charge periods
were examined, a night-time period with 85% of vehicles connected
and a day-time period with 40% of vehicles connected. With 60%
of the vehicles being PEVs, the investment cost ccould increase by
up to 15% of the actual DS investment costs and the energy losses
could increase by up to 40%.
An important aspect regarding the impact on the DS is the
driving pattern. By including data for driving patterns into simu-
lations, the results would likely be more realistic since all vehicles
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would not be used simultaneously [9]. In [10], the driving pattern
is used as a basis for investigating the impact on a DS in Germany.
The study also discusses the issue that vehicles are used for trans-
portation and could be charged at different areas locations different
hours. The results show that the effect will be most severe in the
low voltage DS, however, with controlled charging, a penetration
level of about 50% would be possible.
The Portuguese DS analyzed in [11] would experience problems
with voltage drops at penetration levels below 10% if no controls
were applied. Simulations were conducted in PSS/E and consider
the average drive distance, i.e. the charge time would be calculated
according to the electricity consumed/day instead of according to
the size of the battery which also is important to obtain reliable
results. However, instead of charging daily, the charging would
take place when the battery is assumed to be empty.
A way to model driving patterns is to use stochastic model-
ing, which is done in [12] where a DS in Canada is investigated in
a probabilistic way. The study takes into consideration that the
PEVs can be charged at different locations and that charge be-
haviors will vary between different areas. It is assumed that the
charging can be conducted at home, at work or at a retail location.
The number of vehicles charging at the retail location is based on
traffic volume data but how the number of PEVs being charged
at the work location is not presented. The results show that for
high penetration levels, there will be problems with capacity and
transformer overloading. In the residential area, there might also
be problems of voltage drops due to the long over head lines.
As presented above, most previous studies show that many DS
would experience capacity problems if the charging were uncon-
trolled. However, by controlling the charging, the impact could
be reduced and a larger PEV share could be incorporated. Below,
different approaches for coordination or controlling the charging
are described.
Different approaches can be used to limit the impact on the
DS due to PEVs, e.g. [11] simulating the impact on the DS based
on a system with dual tariffs and a smart charging schedule that
only allows charging if the capacity would be enough. The smart
charge approach has also been investigated by [13] and [14]. In [13]
an optimal charge profile for a residential DS is found, based on the
IEEE test feeder, by varying charge power and charge time. This is
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achieved by using quadratic and dynamic programming, whereby
quadratic programming would be preferable due to shorter compu-
tational time and better accuracy. Three different charge periods
(night, evening and day) are designed in which, for the uncoordi-
nated charging, the charging would be randomly distributed us-
ing a charge power of 4kW. For coordinated charging, the charge
power varied by between 0-4kW for the same charge periods. By
stochastic programming, the load profile is varied and an optimal
charge profile can be found that is valid for different load profiles.
The results showed that a penetration level of 30% could not be
handled without reinforcement if the charging were uncoordinated.
The optimal charge profile would reduce the losses simultaneously
as the voltage profile were improved. Similarly, [14] optimized the
charging by minimizing the losses. However, the results were com-
pared with other optimization algorithms, i.e. maximizing load
factors and minimizing load variance. By using these algorithms,
the losses stayed in the same range but the computational time
would be improved.
Even though it would be beneficial for the distribution system
operator (DSO) if the charging were conducted according to these
smart charge algorithms, the incentives for the customer may be
limited. Commonly, the idea is to let the DSO or another com-
pany control the charging and compensate the customers. Instead
of letting an external party control the charging, a possible sce-
nario would be to give customers incentives to act on the real-time
electricity price [15], and thereby controlling their charging them-
selves.
Another way of dealing with the impact on the EPS is to use the
stored energy in the batteries to support the EPS during situations
of shortage. This concept is called vehicle to grid (V2G) and has
been discussed over the last five years. The economic aspects of
V2G are, among others, described in [16] and [17]. However, V2G
will increase the cycling of the batteries and depending on how the
V2G is controlled, the lifetime of the battery could be affected [17,
18]. According to [17], the cost associated with V2G is estimated
to be about US$ 0.16 - 0.30/kWh, which is high compared to base
load electricity generation (about US$ 0.05/kWh) [17]. The highest
revenue is instead achieved if the PEV were to participate in the
balance market, where not only the energy but also the power
available is paid for [16]. However, the balancing market varies for
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different countries and it is not always beneficial to the customer to
participate [19]. Usually, the bid size on the power market is high
which means that several vehicles must be aggregated to provide
the power needed to participate in the market [20].
To reduce the cycling of the battery, unidirectional V2G can be
applied [20]. An aggregator that controls a vehicle fleet can be reg-
ulating both up and down by increasing or decreasing the charging
power. However, this adds limitations on the power the aggregator
can provide. Different control algorithms were presented in [20]
and the results showed that optimized algorithms offer benefits to
all participants.
2.2 Load Management
Electricity demand varies both by day and by year and since it
is difficult to store electricity in large quantities it is produced at
the same time as it is consumed. Hence, the variations in demand
result in variations in the electricity generation and generation ca-
pacity must be designed to handle the peak demand. Similarly,
the transmission capacity in the EPS must be designed to handle
the peak power in the system. The variation in electricity de-
mand leads to increased cost of electricity since it requires a higher
transmission capacity in the EPS and since the electricity con-
sumed during the peak is usually produced by generation plants
with high production cost.
One way to reduce the variations in electricity demand is to use
a load management scheme to control when electricity is used. Dif-
ferent load management techniques have been proposed and used,
e.g. time-of-use-tariffs (TOU), interruptible load tariffs, critical
peak pricing, real-time pricing (RTP) and distribution system loss
reduction [21, 22]. As stated in [22] different techniques can have
differential impact on the EPS.
In Sweden, different techniques have been used to control the
loads, [15], such as TOU-tariffs, with one high price period and one
low price period and interruptible-load tariffs. However, these con-
tracts are today mainly available for customers with high electricity
consumption. For customers with lower demand, three DSOs of-
fer electricity tariffs where one part is based on the peak demand
during the past month [15].
Chapter 3
Case Set-up
This chapter presents the proposed approach to evaluate the im-
pact of PEVs charging on the electrical distribution system (DS)
and changes in how existing loads are used for different control
strategies.
In addition, this chapter includes input data and assumptions
used in the case study.
3.1 The Proposed Approach
Fig. 3.1 presents a flowchart of the proposed approach.
The first step is to gather the data needed for the study. From
the data, four key parameters can be processed for further analysis:
i) the locations of the vehicles (i.e., where they can be charged);
ii) when they are parked (i.e. when they can be charged), iii) the
manageable loads and iv) technical limitations of the DS. The sec-
ond step is to formulate and implement the optimization models
for different control strategies. The final step is to use the data in
the models developed to evaluate the impacts of different control
strategies on the DS. The optimization models mentioned above are
based on an AC optimal power flow framework which is described
in e.g., [23], with the objective functions being: maximization of
the number of PEVs, minimization of network losses, minimization
of the electricity cost paid by PEVs owners, respectively. These
models are implemented in a General Algebraic Modeling System
(GAMS), a high-level modeling system for mathematical program-
ming and optimization and solved using the non-linear program-
ming solver MINOS5 [24].
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Output
No load
management
(ref. scenario)
Loss-optimal load
management
(Min losses)
Price-optimal load
management
(Min cost)
Key parameters
· Location of vehicles
· Time when vehicles
are parked
· Variable loads
· Limitations of the
distribution system
Indata
Demographic data:
· No. of vehicles
· No. of workplaces
· No. of employees
Travel data:
· Start time
· Stop time
· Driving time
· Distance
Distribution system data:
· Structure
· Transformer data
· Cable data
Load data:
· Load profile
· Variable load
· Non-variable load
Load
management
strategy
Implement models
and solve problem
using GAMS
Main question
Impact on a distribution system
due to load management of
PEVs and heating loads?
Figure 3.1: Flowchart of the proposed approach.
The main objective of this thesis is to evaluate the impact of
PEVs charging on the DS. It is, however, not certain how PEVs
will be used or how/when PEVs will be charged. Without any
changes in the electricity market or added intelligence in the DS,
it is assumed that the charging will be conducted immediately after
each journey, since there are no incentives to delay the charging.
As more intelligence is introduced into the DS, the possibility to
control and coordinate the loads increases. This study investigates
three different control strategies:
 Uncontrolled strategy; The charging is conducted imme-
diately after each journey or immediately after the last jour-
ney of the day.
 Loss-optimal strategy; The charging is conducted to min-
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imize the losses in the DS.
 Price-optimal strategy; The charging is conducted to min-
imize the electricity cost to the customers.
The loss-optimal strategy presents the theoretically minimum
impact on the DS and is based on the forecast electricity demand.
The price-optimal strategy assumes that the customers are charged
with hourly electricity tariffs, e.g. the electricity price on the
Nordic day-ahead market. Further, it is assumed that the con-
trol strategies could be applied for other non-time critical loads in
the homes, such as electric heating, air conditioning, hot water etc.
However, these loads (hereinafter referred to as variable loads) will
be limited by constrains other than the PEV loads.
The place where the charging is conducted partly depends on
the development of the charge infrastructure. At an early stage,
without a developed charge infrastructure, it is assumed that the
charging will be conducted mostly at home. As the charge infras-
tructure is getting more developed, the charging can also take place
outside the home, e.g. at work or shopping malls. In this thesis, six
different scenarios are investigated and compared regarding PEVs
charging and changes in the use of existing loads:
 Reference scenario: without any PEVs.
 Scenario A: Charging is only conducted at home, i.e. lim-
ited charge infrastructure is available.
 Scenario B: Charging is conducted both at home and at
work, i.e. a well-developed charge infrastructure.
 Scenario C: As reference scenario but with variable loads.
 Scenario D: As scenario A and with variable loads.
 Scenario E: As scenario B and with variable loads.
Although it would be possible to charge at shopping and sport
centers in the future, it has been neglected in this study. The
reasons to neglect this are mainly due to limited data available for
Sweden regarding the location of the shopping and sport centers
and how long vehicles are parked at such locations. Additionally,
only privately owned cars have been considered in the case study
and are hereinafter referred to as vehicles.
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There are three fundamental alternative designs of a DS, ra-
dial, loop and network system [25]. The DS used in the case study
is designed as an open loop radial DS (OLR-DS). An OLR-DS is
designed as a looped system but is normally operated radially us-
ing the tie and sectionalizing switches. The system configuration
can be modified by changing the status of the switches [26]. This
will enable the possibility of improving operating condition, such
as minimizing the losses but also improving the reliability of the
system. The reliability is improved when the system is operated
in such a way that when a failure occurs in one of the feeders,
all loads can be supplied by the remaining feeders with minimum
interruption time. In addition to the proposed control strategies,
an approach is developed to analytically find the optimal reconfig-
uration, with regards to the capacity, and the maximal capacity of
the system when one of the feeders is disconnected.
This section presents the formulation of the proposed control
strategies developed in this study and the approach to find the
maximal capacity in an OLR-DS.
3.1.1 Uncontrolled Strategy
The uncontrolled strategy assumes that the charging is conducted
immediately after each journey or immediately after the last jour-
ney of the day, depending on the scenario. For all scenarios, it is
assumed that the charging is conducted on a daily basis and the
energy requirement depends on the distance driven and the energy
consumption per kilometer.
3.1.1.1 Objective function
The objective is to maximize the number of PEVs which can be
charged in the DS. This is shown in Eq. (3.1), where the decision
variable is the penetration level, PEVshare.
PEVmax =
24∑
h=1
(V HHh + V H
W
h + V H
L
h ) · PEVshare (3.1)
The total number of vehicles consist of all vehicles that are making
a stop in the area, i.e. the vehicles commuting to the area in the
morning (VHWh ), i.e. commuting to work, and in the afternoon
(VHHh ), i.e. commuting home, and the vehicles that conduct a
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leisure-related journey (e.g. for shopping, exercising or visiting a
friend) during the day (VHLh).
3.1.1.2 Constraints
The total power drawn from the DS by the PEVs depends on the
active charge power (CPP ) and the charge time (CT ) and is calcu-
lated from Eqs. (3.2) - (3.4). As can be seen in the last fraction in
Eqs. (3.2) - (3.3), the PEVs are assumed to be distributed between
the buses according to the base load power demand of each bus,
and during the day according to the stop time given by [9]. For
scenario A, where only charging at home is available, no PEVs will
be charged at work, i.e. VHWh = 0, and the charge time for the
PEVs charging at home will be increased since the interval between
the charges is increased.
PHPEVi,h =
h∑
k=h−CTH+1
(V HHk · PEVshare) · CPP ·
PDi,h∑n
i=1 PDi,h
(3.2)
PWPEVi,h =
h∑
k=h−CTW+1
(V HWk · PEVshare) · CPP ·
PDi,h∑n
i=1 PDi,h
(3.3)
PLPEVi,h =
h∑
k=h−CTL+1
(V HLk · PEVshare) · CPP ·
PDi,h∑n
i=1 PDi,h
(3.4)
The total power drawn from the DS to charge the PEVs is calcu-
lated through Eq. (3.5) and Eq. (3.6):
PPEVi,h = P
H
PEVi,h
+ PWPEVi,h + P
L
PEVi,h
(3.5)
QPEVi,h = PPEVi,h · tanϕ (3.6)
The charge time (CT ) depends on the active charge power (CPP ),
the efficiency of the charger and battery (η), the energy consumed
per km (Cons) and the distance driven (Dist), which vary between
commuting journeys and leisure journeys and is given by Eq. (3.7):
CT =
Dist · Cons
CPP · η
(3.7)
It is assumed that the distance to/from work is equal but different
than the distance for leisure journeys, i.e. CTW = CTH 6= CTL.
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The standard power flow constraints are given by Eqs. (3.8)
and (3.9) [23]:
Pi,h − (P
base
i,h + P
var
i,h + P
PEV
i,h ) =
n∑
j=1
|Yi,j||Vi,h||Vj,h| cos(θi,j + δj,h − δi,h) (3.8)
Qi,h − (Q
base
i,h +Q
var
i,h +Q
PEV
i,h ) =
−
n∑
j=1
|Yi,j||Vi,h||Vj,h| sin(θi,j + δj,h − δi,h) (3.9)
The variable load (Pvari,h ), e.g. heating, hot water boilers etc., is
constant for the uncontrolled strategy since no control strategy is
applied on the load and the base load, Pbasei,h , and variable load,
Pvari,h , is equal to the load forecast, PDi,h , in the reference scenario.
Further the voltage is limited according to Eq. (3.10):
0.9 ≤ |Vi,h| ≤ 1.1p.u (3.10)
the current limitations in the cables according to Eq. (3.11):
Ii,j,h ≤ I
max
i,j (3.11)
and the transformer capacity according to Eq. (3.12):
√
(P basei,h + P
var
i,h + P
PEV
i,h )
2 + (Qbasei,h +Q
var
i,h +Q
PEV
i,h )
2
≤ Smaxi (3.12)
The total loss in the DS during one day is calculated by Eq. 3.13,
[23]:
PLoss =
1
2
24∑
h=1
·(
n∑
j=1
·
n∑
i=1
Gi,j · (|Vi,h|
2 + |Vj,h|
2
− 2 · |Vi,h| · |Vj,h| · cos(δj,h − δi,h))) (3.13)
The charge cost and the cost of the variable loads during one
day are calculated according to (3.14):
Cost =
24∑
h=1
(Priceh ·
n∑
i=1
(P vari,h + P
PEV
i,h )) (3.14)
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and the average cost of charging one PEV during a day is calculated
according to Eq. (3.15):
CostPEV =
∑
24
h=1 Priceh ·
∑n
i=1 PPEVi,h
PEVmax
(3.15)
It can be noted that the loss and cost can be calculated for
any given PEV penetration. The time step of the simulations in
this study is one hour. It can be reduced, if desired, to gain more
detailed results.
3.1.2 Loss-Optimal Control Strategy
Compared to the uncontrolled strategy where the charging imme-
diately starts when a vehicle is parked, the loss-optimal control
strategy seeks to conduct the charging when it is most favourable
from the DSO’s point of view. The objective of the loss-optimal
control strategy is to minimize the losses in the DS for a given pen-
etration of PEVs. The objective function is given by Eq. (3.13).
The decision variables for the loss-optimal control strategy are the
total charge power at hour h, i.e. when the charging is conducted,
and the variable load at hour h.
3.1.2.1 Constraints
The objective function is subjected to the number of PEVs given
by Eq. (3.1) and, as for the uncontrolled strategy, to the total power
used for charging, power flow constraints and network constraints
given by Eqs. (3.5) - (3.12). However, the total power used for
charging will be limited by the number of PEVs that are parked
according to Eqs. (3.16) - (3.18):
PHPEVi,h ≤ V H
HP
h ·
PDi,h∑n
i=1 PDi,h
· PEVshare · CPP (3.16)
PWPEVi,h ≤ V H
WP
h ·
PDi,h∑n
i=1 PDi,h
· PEVshare · CPP (3.17)
PLPEVi,h ≤ V H
LP
h ·
PDi,h∑n
i=1 PDi,h
· PEVshare · CPP (3.18)
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In addition, all PEVs connected to bus i need to be charged over
24 hours, according to Eqs. (3.19) - (3.21):
24∑
h=1
PHPEVi,h =
24∑
h=1
V HHh ·
PDi,h∑n
i=1 PDi,h
· PEVshare · CPP · CTH (3.19)
24∑
h=1
PWPEVi,h =
24∑
h=1
V HWh ·
PDi,h∑n
i=1 PDi,h
· PEVshare · CPP · CTW (3.20)
24∑
h=1
PLPEVi,h =
24∑
h=1
V HLh ·
PDi,h∑n
i=1 PDi,h
· PEVshare · CPP · CTL (3.21)
As described earlier, part of the loads can be shifted in time.
For the uncontrolled strategy, the variable load (Pvari,h ) was not
shifted since no control strategy was applied. For the loss-optimal
strategy, the variable load can be shifted in time to reduce the
stresses on the DS. However, since only heating loads have been
assumed to be variable in this study, the temperature inside the
houses will vary. The temperature will mainly depend to the out-
side temperature, Touth , the thermal conductance of the building,
Req, and the time constant of the building τ and can be expressed,
in simplified form, as in (3.22):
T ini,h = e
−1
τ (T ini,h−1 −
P vari,h−1
Req
+ T outh ) +
P vari,h−1
Req
+ T outh (3.22)
Pvari,h is limited to the installed capacity of the heating system in
the houses expressed by (3.23):
0 ≤ P vari,h ≤ custi · 4.5kW (3.23)
the temperature must stay within the allowed temperature range
according to (3.24):
Tmin ≤ T
in
i,h ≤ Tmax (3.24)
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and the energy used should be the same as for the reference sce-
nario, as (3.25):
Evar =
n∑
i=1
24∑
h=1
P vari,h (3.25)
The maximum penetration can be found by iteratively increas-
ing the penetration level until any of the limitations in the DS are
violated.
3.1.3 Price-Optimal Control Strategy
Although the losses can be reduced by charging according to the
loss-optimal control strategy, the incentive for the customer may
be limited [27]. The introduction of smart meters enables the pos-
sibility to pay the electricity on an hourly basis. In the price-
optimal control strategy, it is assumed that the electricity tariffs
for the customers are based on the spot price at Nordpool spot.
The price-optimal control strategy seeks to minimize the electricity
cost for the customers according to Eq. (3.14). Similarly to the
loss-optimal control strategy, the decision variables for the price-
optimal control strategy are the total power used for charging and
the variable load at each hour h.
3.1.3.1 Constraints
The objective function is subjected to the number of PEVs given by
Eq. (3.1), the total power used for charging, power flow constraints,
the distribution of the PEVs according to Eqs. (3.5) - (3.9) and
Eqs. (3.16) - (3.21) and the variable load according to Eqs. (3.22)-
(3.25) .
Since this control strategy is customer oriented (i.e., the cus-
tomers decide when to charge or use the electricity) and the cus-
tomers are unaware of the limitations in the DS (Eqs. (3.10) -
(3.12)), these limitations will not affect the timing of the charging
although it will limit the penetration level of PEVs. Therefor, these
constraints are not included in the price-optimal control strategy.
However, the maximum penetration of PEVs is found by iteratively
increasing the penetration level until any of the limitations in the
DS (Eqs. (3.10) - (3.12)) are violated.
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3.1.4 Open Loop Radial Distribution Systems
The power capacity in a DS is either limited by the thermal limit
of cables and transformers or by the voltage drop in the DS. The
same holds for the OLR-DS. However, in an OLR-DS with high
level of reliability, all loads could be supplied even in the event
of a failure in a feeder. Since the remaining feeders must be able
to supply all loads the maximum loading of the cables is reduced
to maintain this high level of reliability. Several studies, e.g. [26,
28, 29], have been conducted to find the optimal reconfiguration
of an OLR-DS. However, the focus of these studies has been on
minimizing the losses and the restoration time, not to maximize
the capacity or reliability of the system [26]. As the demand for
electricity increases, e.g. by the introduction of PEVs, it becomes
more important to operate the DS in an efficient manner and to
know the limitations of the DS.
Due to the non-linear nature of the power flow problem and
the large number of reconfiguration possibilities, it is difficult to
find the solution that provides the highest capacity. To find the
reconfiguration option with highest power capacity in case of a
disconnected feeder, an analytic approach is proposed. Fig. 3.2
presents the proposed approach. First, all reconfiguration possibil-
ities (c) in case of the most severe fault (i.e. a fault located at one
of the main feeders (f )) are identified. Second, the total maximum
power of the DS (Pf,c) is calculated for each reconfiguration (c) by
increasing the load at every substation until the DS becomes over-
loaded, either by the thermal limits of the cables and transformers
or by the voltage drop in the system, and the reconfiguration with
highest power capacity (Pmaxf ) is found. The load is assumed to be
increased linearly between the substations, i.e. a substation with
high load today is assumed to have a higher increase than that of
a substation with lesser load. The power capacity is found when
each of the feeders is disconnected, one at a time. The discon-
nected feeder where the lowest total power capacity of the DS is
found (Pmaxf ) corresponds to the most severe fault in the DS.
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Disconnect 
Feeder f
Identify all 
reconfiguration 
possibilities, c 
Reconfiguration 
possibility c=1
c > cmax
Perform power flow 
calculation to find maximal 
power capacity (Pf,c)
       = Pf,c
c = c+1
f > fmax
end
f = f+1
Yes
Yes
Yes
No
No
No
f=1
Pf,c >       f 
max
fP
max
fP
Begin
Figure 3.2: Flowchart of the process to find the optimal reconfig-
uration possibility and the maximal capacity.
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3.2 Assumptions and Data for the Case
Study
Several assumptions and data are needed to obtain reliable results
regarding the impact of PEVs charging on the DS. This thesis in-
cludes a case study investigating the impact of PEVs charging in
two different parts of the real DS in Gothenburg, one commercial
and one residential part. This section presents data for the DS, ve-
hicle usage data and detailed data for the electricity consumption.
3.2.1 Electrical Distribution System in Gothen-
burg
There are five power plants within Gothenburg, the largest plant,
Rya Verket, can supply about 30% of the electricity consumed
in Gothenburg [30]. The electricity that is not produced inside
Gothenburg is feed in through five feed-in points. In total, there
are about 18 130/10 kV transformer stations in the system and
the DS consists to a large extent of underground cables. Although
there are some other voltage levels in the DS, such as 20 kV and 50
kV, the voltage level is mainly 10 kV. As stated earlier, the 10 kV
DS is designed as an OLR-DS, which allows the DSO, Go¨teborg
Energi, to operate the DS with a high reliability since the DS could
be restored by topology changes in case of failure in any feeder. At
the customer site the voltage level is 400 V. However, some of the
large industrial customers are connected directly to the 10 kV DS.
The case study focuses on the 10 kV DS although the proposed
approach could be applied on the low voltage distribution system
(LV-DS). The reason for not including the LV-DS is mainly due
to limited data regarding the load profile of the LV-DS and since
the stochastic behavior of the customers are more prominent for
smaller systems (such as a LV-DS). However, the LV-DS has been
studied within this project but with another approach, presented
in [31]. The result indicate that the impact of PEV charging will
be more prominent on the 10 kV DS than on the LV-DS in Gothen-
burg.
Below the two parts of the DS investigated in this thesis are
described.
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3.2.1.1 Commercial Area
The DS in the commercial area investigated consist of four feed-
ers, nine 10/0,4 kV substations and two 10 kV substations. Fig.
3.3 presents the structure of the distribution system under normal
operation. As can be seen, the DS is designed as an OLR-DS and
can be reconfigured in case of a failure in any of the feeders.
130/10 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10 kV
10 kV
TS
TS
TS
TS
TS = Tie Switch
Figure 3.3: 10 kV DS in a commercial area in Gothenburg.
For this study, historical load data from 2008 have been used
as forecast power demand. Fig. 3.4 presents the load profile for
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the year 2008 and for a peak day in 2008. As can be seen, the load
varies both during the day and during the year and the peak power
occurs in the middle of the day. Since the DS must be designed
to withstand the highest peak load, a day with high peak demand
was chosen as a reference scenario for the case study. The dips
shown in Fig. 3.4, is due to missing load data.
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Figure 3.4: Load profiles for the peak day and for a year (2008),
for the commercial 10 kV DS.
The commercial area investigated in this case study is not a
pure commercial area and the DS serves both commercial and do-
mestic customers, who live in apartments in this area. Although
the majority of the electricity is consumed by the commercial cus-
tomers, the number of domestic customers is higher. Several apart-
ments can be served from the same contract and only the number
of contracts are available from Go¨teborg Energi. Due to this, the
number of domestic customers has been estimated based on the
power level of the contract, i.e. a house with a contract of 160
A is assumed to serve 10 apartments. The interest in number of
domestic customers is due to the usage of demographical data and
will be described further in section 3.2.2. The number of domestic
customers connected to the DS was estimated to be 635.
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3.2.1.2 Residential Area
The DS in the residential area investigated consists of three 10
kV feeders and 26 10/0.4 kV substations. Fig. 3.5 presents the
structure of the DS under normal operating conditions. Similar to
the DS in the commercial area, this DS is designed as an OLR-DS.
130/10 kV
= 10/0.4 kV
substation
TS = Tie Switch
TS
TS
Figure 3.5: 10 kV DS in a residential area in Gothenburg.
Fig. 3.6 presents the load profile for the residential area in 2008.
Similarly to the commercial area, the load data are missing for cer-
tain days. Compared to the commercial area, the peak load occurs
in the afternoon and in the morning hours. This is due to the fact
that the customers in this area mostly are small houses. Similarly
to the commercial area, a day with peak demand was chosen for
the reference scenario. The number of domestic customers in this
area was estimated to be 1932.
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Figure 3.6: Load profiles for the peak day and for a year (2008),
for the residential 10 kV DS.
3.2.2 Estimated Number of Vehicles and Their
Usage
To make realistic estimations on the impact of PEVs on a DS,
aspects such as how the PEVs are used and where/when they are
parked are important. Since only a limited number of PEVs are in
use today, the data available regarding their usage is limited. In
addition, vehicle usage varies for different countries. Due to this,
it is assumed that the PEVs are used similarly to the vehicles used
today.
Further, technical parameters such as energy consumption and
charge power are important. This section presents the assumptions
and parameters, regarding PEVs and their usage, used in the case
study.
3.2.2.1 Driving Behavior
In this study, the driving behavior was extracted from a national
travel survey from 2006. The survey covered all movement con-
3.2. ASSUMPTIONS AND DATA FOR THE CASE STUDY 27
ducted during a day, with different kind of transportation means.
It includes start time, stop time, distance driven, purpose of the
journey etc. [9]. Even though the survey includes much of the data
needed, the survey is collecting the movement of individuals and
not vehicles, this means that there is no information about how fre-
quently each vehicle is used, e.g. twice every day or every second
day. For this study, each journey was assumed to be conducted
by a unique vehicle, if not the total number of vehicles in the area
were exceeded. Since this will increase the number of vehicles that
can be charged simultaneously, the possible impact on the power
system would also be increased.
The travel survey is based on 27,000 interviews which corre-
sponds to a response frequency of 68%. The survey divids the
journeys into main journeys and partial journeys. A main journey
is the main reason for the journey and can consist of several partial
journeys, e.g. leaving the children at the daycare on the way to
work or stopping at a shopping mall on the way home from work.
In this study, only main journeys are considered.
The number of journeys and purpose of the journey varies by
weekend and weekday. Since the power demand normally is higher
on weekdays than on weekends, only journeys conducted during
weekdays are considered in the case study. In addition, the vehicle
usage is higher on weekdays than on weekends [9].
The distance driven depends on the purpose of the journey,
e.g. work-related and leisure-related journeys. The average driving
distance for a large city in Sweden was extracted from the national
survey and were 24 km for work related journeys and 30 km for
other journeys. The majority of the ”other journeys” are shopping
and leisure-related and are hereinafter referred to as leisure-related
journeys.
Fig. 3.7 presents the start- and stop-time for journeys con-
ducted by cars during weekdays depending on the purpose of the
journey. As can be seen, most work-related journeys start around
7-8 and 16-17, while leisure-related journeys are usually conducted
during the afternoon.
3.2.2.2 Estimated Number of Vehicles
According to [32], the number of registered vehicles in the city of
Gothenburg are around 150 000. The distribution of the vehicles
between different areas depends mainly on the number of people
28 CHAPTER 3. CASE SET-UP
4 8 12 16 20 24
0
5
10
15
20
Time [Hours]
Sh
ar
e 
of
 v
eh
ic
le
s [
%
]
 
 
Start time commuting journeys Start time other journeys
4 8 12 16 20 24
0
5
10
15
20
Time [Hours]
Sh
ar
e 
of
 v
eh
ic
le
s [
%
]
 
 
Stop time commuting journeys Stop time other journeys
Figure 3.7: Distribution of start and stop time for different jour-
neys.
living in the area but also on the type of area. Since vehicles are
mainly used for transportation, a PEV registered in a district may
be charged in other districts if a charging infrastructure is available.
It was extracted from the national travel survey ( [9]) that 29% of
all commuting journeys in the large cities of Sweden are conducted
by vehicles, consequently, during daytime these vehicles might be
situated in another part of the city. Due to this, it is important to
know in what kind of area the DS is located. For this study, the
number of domestic customer connected to the DS is estimated and
the location of the DS is known. In addition, demographical data,
such as number of vehicles, workplaces and families are available
for the district in which the DS is located.
The number of individuals working in the DS (WPDS) and the
number of employed individuals living in the DS (EPDS) can be
calculated according to (3.26) and (3.27) respectively.
WPDS =
WPD · FDS
FD
(3.26)
EPDS =
EPD · FDS
FD
(3.27)
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However, as shown above, all commuting journeys to work are
not conducted by car. By using the vehicle commuting share
(VCS), i.e. the percentage of all work-related journeys that are
conducted by car in the city, the number of vehicle commuting to
its work inside the area can be calculated according to (3.28) and
the vehicles commuting back home to the area according to (3.29).
V HW =WPDS · V CSCity (3.28)
V HH = EPDS · V CSDS (3.29)
Due to differences in vehicle density (i.e. number of vehicles/individual)
between the districts, it is assumed that VCS varies by district and
also by DS, i.e. the number of individuals commuting by car will
probably be higher for a district with high vehicle density than for
a district with lower vehicle density. The VCS for the DS (VCSDS)
is calculated according to Eq. (3.30)
V CSDS = V CSCity ·
V HDS · EPCity
EPDS · V HCity
(3.30)
Although many journeys are work-related, there are journeys
conducted for other purposes, such as shopping and leisure-related
journeys. The number of vehicles used for these journeys can be
calculated according to Eq. (3.31). With a developed charge in-
frastructure, these vehicles could be charged while they are parked,
e.g. at a shopping center. However, due to limited data, it is as-
sumed that they are charged at home for all scenarios.
V HL =
V HLcity · V HDS
V Hcity
(3.31)
Table 3.1 presents the number of vehicles, families, employees,
workplaces etc. for the commercial and residential districts inves-
tigated in the case study, as well as for the city of Gothenburg.
The data are derived from [9] and [32].
From (3.26) - (3.31) and the data in Table 3.1, the same in-
formation can be calculated for the DSs investigated. Table 3.2
presents the data for the DSs investigated in this case study.
The number of vehicles (VHDS) in Table 3.2 is the total number
of vehicles registered in the area. VHW and VHH are the number
of vehicles commuting to/from an area during a day. As shown in
Fig. 3.7, all vehicles are not starting their journey simultaneously.
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Table 3.1: Demographical data.
Residential Commercial City of
district district Gothenburg
No. of families (FD) 2 381 3 967 286 195
No. of employees (EPD) 3 409 3 301 241 450
No. of workplaces (WPD) 581 13 408 293 509
No. of vehicles (VHD) 2 842 1 587 148 547
Vehicle Commuting
Share (VCS)
39.4% 22.7% 29.1%
No. of vehicles used for
leisure journeys (VHLcity)
— — 89 867
Table 3.2: Distribution system data.
Residential DS Commercial DS
No. of customers (FDS) 1 932 635
No. of employees (EPDS) 2 766 528
No. of workplaces (WPDS) 471 2 146
No. of vehicles (VHDS) 2 306 254
Vehicle Commuting
Share (VCSDS)
39.4% 22.7%
No. of vehicles used for
leisure journeys (VHL)
1 395 154
No. of vehicles commuting
to work in the DS (VHW )
137 624
No. of vehicles commuting
home to the DS (VHH)
1 091 120
Since the number of vehicles commuting to/from an area varies, the
stop time of the commuting journeys are divided into two parts,
one for vehicles commuting to work inside the area (VW ), i.e. ve-
hicles that are remaining in the area during the day, and one for
vehicles commuting home to the area (VHH), i.e. vehicles that are
remaining in the area during the night. Further, it is assumed that
all vehicles are parked at home by midnight. Fig. 3.8 presents the
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stop time for the residential and commercial area investigated in
this study.
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Figure 3.8: Stop time for the vehicles in the simulated areas.
Since a vehicle is only situated in a location for a certain time,
it can only be charged during this period. similarly to the stop time
distribution, the start time distribution, shown in Fig, 3.7, can be
divided into two parts. From this, the possible charge time for the
loss-optimal and price-optimal control strategies can be derived.
Fig. 3.9 presents the possible charge time for both areas.
3.2.2.3 PEV Parameters
Beyond the driving behavior and number of vehicles, the energy
consumption is an important aspect. The energy consumption de-
pends mainly on the size of the vehicle and can vary between 0.1-0.3
kWh/km [33]. For the case study, an average energy consumption
of 0.2 kWh/km was assumed.
Another aspect, that will affect both the charge time and the
impact on the DS, is the charging power. Today, there are no
standards regarding the charge power. The charge power will de-
pend on the power rating of the onboard charger, the available
32 CHAPTER 3. CASE SET-UP
4 8 12 16 20 24
0
500
1000
Time [Hours]
N
o.
 o
f v
eh
ic
le
s
 
 
VWPh  residential
VHPh  residential
VLPh  residential
4 8 12 16 20 24
0
200
400
600
Time [Hours]
N
o.
 o
f v
eh
ic
le
s
 
 
VWPh  commercial
VHPh  commercial
VLPh  commercial
Figure 3.9: Number of used vehicles that are parked.
power at the plug and the State of charge (SOC) of the battery.
For low SOC, the charge power is more or less constant but de-
creases as the battery gets more and more charged. However, for
a fully discharged battery, most of the energy is delivered to the
battery during the constant charge power period [34,35] and a con-
stant charge power has been used in this study. Most single family
homes in Sweden has at least a three phase 400 V 16 A or 20 A
connection available. The majority of the charge pools available
today can charge with a power of at least 3.68 kVA [36]. Similarly,
the onboard charger in most of the PEVs being produced today
have the possibility to charge with, at least, a power of 3.68 kVA
(230 V/16 A) [33, 37, 38]. Based on this, a charge power of 3.68
kVA was assumed in this work.
Transferring power from the DS to the batteries involves losses
both in the charge equipment and in the battery itself. For slow
charging, the charger is usually a AC/DC converter that controls
the power to the batteries. When the charger starts to charge the
battery, it charges at constant current and when it reaches the
full capacity, it charges at constant voltage [35]. Accordingly, the
power drawn from the DS will vary during the charge cycle. Simi-
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larly, since the operating point of the charger varies, the efficiency
of the charger will also vary [39]. The losses in the batteries de-
pends mainly on the resistance in the batteries and increases with
an increased charge power. However, since the charge power is as-
sumed to be constant, the efficiency would also be constant and,
as in [13], an overall efficiency of 88% is assumed in this study.
The power factor of a battery charger depends on how it is
designed and controlled. Although the charging can be conducted
close to unit power factor [40, 41], a power factor of 0.95 was as-
sumed in this study. This would likely increase the impact on the
DS, due to the increased apparent power drawn from the DS and
the increased charge time. In addition, the reactive power will have
a large impact on the voltage level in the DS. Table 3.3 presents
the assumptions made for the case study.
Table 3.3: Vehicle and charge parameters.
Energy consumption 0.2 kWh/km
Charge power 3.68 kVA
Power factor 0.95
Charge efficiency 88%
3.2.3 Load Management in Domestic Homes
As stated above, the control strategy applied to the PEVs charging
can also be applied on other loads in the home. However, the
consumer would probably not want to change all his/her electricity
consumption, e.g. some loads, such as cooking and lighting, are
more critical than other loads, such as heating and laundering. In
this study, it has been assumed that parts of the electricity used for
space and tap-water heating can be shifted in time without causing
inconvenience to customers.
A large part of the electric energy consumed in a detached
house in Sweden is used for heating purposes. About 25% of all
detached houses in Sweden are heated with electricity, either by
direct electricity or by an air-air heat-pump [42]. The electricity
consumed for heating purposes in detached houses was, in 2008,
12.9 TWh [42], about 8% of the total electricity consumption in
Sweden. Since most of the heating is consumed during the cold
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winter months, which is, when electricity demand is highest for
most of Sweden, this indicates a great potential for reducing peak
power demand.
This section presents the data and assumptions made to inves-
tigate the impact on the residential DS by applying the proposed
control strategies on the existing loads in the DS.
3.2.3.1 Variable Loads
To find the potential load that are variable, i.e. that are possible
to alter in time, without reducing the comfort level of the cus-
tomers, a national metering campaign conducted by the Swedish
Energy Agency is used [43]. The campaign measured all individ-
ual loads at 400 households in Sweden, both apartments and single
houses. From the data, an average load profile was extracted for
each load for a winter month [44]. The loads were then divided into
base and variable load. The variable loads consist of space heat-
ing and tap water heating. Other loads, such as laundry machines
and dishwashers, could be considered but due to the low energy
consumption compared to the heating loads and the inconvenience
for the customer, it was not included in the variable load. Fig.
3.10 presents the load profile derived from the metering campaign
divided into base and variable load.
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Figure 3.10: Load profile for variable and non-variable (base) loads,
from the metering campaign [43].
From the load profile in Fig. 3.10, the percentage of the load
that was variable, i.e. used for space and tap water heating, was
calculated for each hour. The same percentages were applied on
the load profile for the residential DS, shown in Fig 3.6. Fig. 3.11
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Figure 3.11: Load profile for the residential area, divided into vari-
able and non-variable (base) loads.
presents the resulting profile, which is used for the load manage-
ment model. As can be seen, a significant share of the total load
is variable, the variable load varying between 25-35% of the total
load. This means that the peak power could in theory be reduced
by at least 25% provided that the load valleys are large enough to
handle the shifted energy without causing new power peaks.
To avoid inconvenience for customers, the indoor temperature
was limited to 21 ± 1.5◦C. According to [45], the indoor tempera-
ture can vary from 20◦C to 24◦C with maintained comfort of the
residents and some real estate owners reduce the temperature to
18◦C during the night. The indoor temperature in a building de-
pends mainly on the outdoor temperature, the isolation and time
constant of the building and the heat generated in the building.
For the simulations, a constant outdoor temperature of -14.6◦C is
assumed, which is the lowest temperature that the heat system
should be design to handle in Gothenburg [46]. A low outdoor
temperature was chosen to assess the load management potential
in a restrictive manner.
For a typical single family house with low heat capacity, the
time constant varies between 24-48 hours and for a house with
large heat capacity, the time constant can be above 100 hours [47].
A higher time constant will lead to slower changes in the indoor
temperature. For the case study, an average time constant of 40
hours has been assumed to assess the load management potential in
a restrictive manner. The time constant depends both to the ther-
mal resistance and to the heat capacity of the building. Based on
the time constant and the average energy used for heating for each
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house (calculated from Fig. 3.11) the thermal conductance was cal-
culated to be 32 W/K and the heat capacity of the building to be
4608 kJ/K. For a standard house in Sweden these values are usu-
ally higher. The reason for the low values used in the simulations
are due to the low outdoor temperature and energy consumption
assumed.
In addition to indoor temperature, the power used for heating
cannot exceed the capacity of the installed heating equipment in
the houses. The Swedish Building Regulation (BBR) introduced in
2010, limits on the maximum installed electric power used for heat-
ing [46]. The capacity was limited to 4.5 kW for new houses. Most
buildings in the area are built before 2010 and are not affected by
the regulations. However, to assess the load management poten-
tial in a restrictive manner, the maximum installed electric heating
capacity was limited to 4.5 kW/house in this study.
The energy used for tap water heating is about 10% of the
total variable load, i.e. 90% of the variable energy is used for space
heating and 10% tap water heating. In reality, the constraint on
the electrical power used for tap water will mainly be limited by
the electrical power of the heater, the size of the water tank and the
usage of the hot water. However, in this thesis tap water heating
is treated as a part of the space heating. This is mainly due to
limited data and due to the fact that hydronic heating system is
commonly used in Sweden, which serves both tap water and space
heating [48].
By reducing heat production in afternoons, the system could
account for the excessive heat produced by cooking etc. resulting
in a more even indoor temperature and reduced energy usage [49].
For houses with heat pumps, energy usage can also be reduced
by operating the device more efficiently [49]. This is, however,
not taken into consideration in this thesis and the heat demand is
assumed to remain at the same level as in the reference scenario,
i.e. if the heat system is turned off for a time, the system operates
at a higher power when it is turned on again to keep the energy
demand for a 24 hours period at the same level as in the reference
scenario.
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3.2.4 Electricity Price at Nordpool Spot Mar-
ket
Although the electricity in Sweden is traded on an hourly basis
at the Nordic electricity market (Nordpool spot), most residen-
tial customers have their electricity price based on either monthly
average price or fixed yearly contracts.
Customers are obliged to pay a network tariff. Usually, this is a
fixed price per kWh but a few companies include a power tariff to
reduce the maximum peak power consumption [15]. In addition to
electricity and network cost, the price of an electricity certificate
(around 0.06 SEK/kWh) and an electricity tax (0.283 SEK/kWh)
is added, plus a value-added tax (25%) [50].
In this thesis, it is assumed that customers may chose to have
the electricity tariff based on the hourly day-ahead spot-prices at
Nordpool spot, [51]. The Nordpool spot prices depends both on
the consumption and production, with variations reflected in the
price. In this thesis, it is assumed that, on a large scale, the num-
ber of customers using time-based tariffs are small, resulting in
minor differences in the total electricity consumption. However,
the number of customers using the tariffs locally can be high.
A reason to introduce dynamic electricity tariffs based on the
electricity spot price is to support the introduction of intermittent,
renewable electricity generation. With this type of tariff, the con-
sumption of electricity will increase when it is cheaper, i.e. when
there is a surplus of electricity from renewable sources.
In Fig. 3.12, the spot price on Nordpool’s day-ahead market
is presented for 2008 and for the day simulated in the case study.
As can be seen in the figure, the price varies both by year and
by day. This means that the charge profile for the price-optimal
control strategy would vary accordingly, on a daily basis. Similarly,
the cost of charging the PEVs would vary on a daily basis for all
control strategies, if customers are to pay hourly electricity price.
38 CHAPTER 3. CASE SET-UP
0 50 100 150 200 250 300 350
0
0.5
1
Nordpool spot−price in 2008
Day
Pr
ic
e 
[S
EK
/kW
h]
 
 
Price
4 8 12 16 20 24
0.3
0.4
0.5
0.6
0.7
Nordpool spot−price at 2008.02.14
Hour
Pr
ic
e 
[S
EK
/kW
h]
 
 
Price
Figure 3.12: Spot-price at Nordpool in 2008, and 14/2 2008 [51].
Chapter 4
Results from the Case
Study
4.1 Capacity in the Distribution Sys-
tem
This section presents the calculated capacity of the DS in the two
areas studied and is compared to the load profiles presented in
Figs. 3.4 and 3.6.
130/10 kV
= 10/0.4 kV
substation
SS = Sectionalizing Switch
TS = Tie Switch
SS
SS
TS
TS
Figure 4.1: One-line diagram of the residential 10 kV distribution
system.
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As stated earlier, the 10 kV DS of Gothenburg is designed as an
OLR-DS. By using the proposed approach shown in Fig. 3.2, the
optimal reconfiguration option regarding the capacity was found for
the worst case failure, i.e. a failure at one of the main feeders. The
sectionalizing switches (SS) shown in Fig. 4.1 and Fig. 4.2 indicate
the optimal reconfiguration for the DS’s in case of a disconnected
feeder.
130/10 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
10/0.4 kV
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10 kV
10 kV
TS
TS
TS
SS
TS
SS
SS
SS
SS = Sectionalizing Switch
TS = Tie Switch
Figure 4.2: One-line diagram of the commercial 10 kV distribution
system.
As stated in Chapter 3, the capacity depend on the thermal
limits of the cables and transformers, but also on the voltage drop
in the system and how the loads are distributed between the sub-
stations. Table 4.1 presents the maximum capacity of the DS’s for
the situation when the load increases linearly between the substa-
tions, both for normal operation and for operation in redundancy
mode, i.e. with one feeder disconnected.
Fig. 4.3 presents the load profile together with the maximal
capacity. As can be seen, the capacity considering the redundancy
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Table 4.1: Maximum capacity and peak load.
Residential Commercial
Peak demand [MW] 7.91 7.76
Max capacity
10.04 13.66
normal mode [MW]
Max capacity
7.63 9.68
redundancy mode [MW]
is violated in the residential area during peak hours. This indicates
that no PEVs can be charged in this area with maintained redun-
dancy. For the commercial area, it can be seen that the system is
operated with a high safety margin.
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Figure 4.3: Load profiles with maximal capacity for the DS in the
residential and commercial areas.
For the residential area, the capacity considering redundancy
is limited by one of the cables and the capacity considering normal
operation is limited by one of the transformers. If the load could
be shifted between the substations, the capacity could be increased
since the load at the overloaded transformer could be shifted to
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another substation. By shifting the load, total system losses could
also be decreased, which in addition would increase the usable
power transfer. This could be achieved by re-designing the LV-
DS, which today is designed as a radial DS, to an OLR-DS, where
the LV-DS could be fed by two different transformer stations. This
is, however, costly and other techniques, such as load management,
would probably gain similar effects but at a lower cost.
4.2 Impact on the Distribution System
due to PEVs
This section presents the results from the case study investigating
the impact on the DS due to PEVs, for Scenario A, with only home
charging, and Scenario B, with charging conducted both at home
and at work. Similarly to the capacity, the maximum penetration
level varies for the different areas and is presented in Table 4.2. As
can be seen, since the capacity is already violated, no PEVs could
be charged in the residential area with maintained redundancy.
For the commercial area, the maximum penetration level is above
100% for all strategies, i.e. all vehicles could be charged in this
area, if they were replaced with PEVs.
Table 4.2: Maximum penetration level.
Residential Commercial
Normal Redund. Normal Redund.
Uncontrolled Scen. A 76% 0% >100% >100%
charging Scen. B >100% 0% >100% >100%
Loss-optimal Scen. A >100% 0% >100% >100%
charging Scen. B >100% 0% >100% >100%
Price-optimal Scen. A 49% 0% >100% >100%
charging Scen. B 49% 0% >100% >100%
The results below are presented for a full penetration of PEVs,
i.e. all vehicles are PEVs. Although this is not possible for the
residential area, the result is included to make the comparison. Fig.
4.4 and Fig. 4.5 present the charge profiles for the different control
strategies for the residential and commercial area, respectively. As
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Figure 4.4: Charge profiles for the different control strategies, res-
idential area.
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Figure 4.5: Charge profiles for the different control strategies, com-
mercial area.
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can be seen, peak power varies both in time and power between
the different control strategies. In the residential area, most PEVs
will be charged during the afternoon for the uncontrolled strategy,
while for the loss-optimal strategy, the charging will be spread out
during the night to achieve a flatter load profile. For the price-
optimal strategy, since all PEVs react on the same price signals,
most PEVs will charge simultaneously, resulting in a high total
charge power. As stated earlier, since the electricity price varies
daily, the charge profile will also vary for the price-optimal control
strategy.
For the uncontrolled strategy, the maximum charge power is
found to be higher for Scenario A (with only home charging) than
for Scenario B (with charging conducted both at home and at
work). This is due to the fact that the increased charge time leads
to a greater extent of simultaneous charging for Scenario A, as
compared to Scenario B and due to the low number of workplaces
in the residential area. The same holds true for the loss-optimal
strategy, although the difference is smaller. For the price-optimal
strategy, the maximum charge power is limited by the total num-
ber of vehicles and the power is, therefore, equal for both scenarios,
although the duration of the peak period is longer for Scenario A.
For the commercial area, the total charge power is less than
for the residential area since there are less PEVs to be charged
compared to the residential area. Fig. 4.5 presents the charge
profiles for a 100% penetration of PEVs under the different control
strategies for the 10 kV DS in the commercial area. As can be
seen, the maximum charge power is higher for the loss-optimal
than for the uncontrolled strategy in Scenario A. For Scenario B
the majority of the PEVs charging in this area are charging at
work, hence, the maximum charge power occurs in the morning
for the uncontrolled strategy. For the price-optimal strategy, two
peaks are visible, one during the night and one during the day, due
to two low price periods, as can be seen in Fig. 3.12. Additionally,
the PEVs are able to charge at two different locations, i.e. at work
and at home. For the loss-optimal strategy, the maximum charge
power occurs during the morning hours, although the maximum
power is lower than for the uncontrolled strategy.
Fig. 4.6 presents the resulting total load profiles for a full pen-
etration (100%) of PEVs for the residential area. As can be seen,
the uncontrolled charging would occur simultaneously with the or-
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Figure 4.6: Load profiles with a 100% penetration of PEVs, resi-
dential area.
dinary peak load. The peak power would increase with between
21 -35% compared to the reference scenario without any PEVs.
Although the price-optimal strategy would shift the charging to
off-peak hours, the increased total charge power would result in
a new peak during the early morning hours and the peak power
would increase with 78% compared to the reference scenario. The
DS would be overloaded for both the uncontrolled and the price-
optimal strategy for Scenario A, while the DS could handle a full
penetration of PEVs in Scenario B if the charging was conducted
according to the uncontrolled strategy. With the loss-optimal strat-
egy, the DS would be able to cope with a full penetration without
increasing the total peak load for both scenarios. However, since
the redundancy in the system was violated for the reference sce-
nario, the DS must be reinforced to be operated with maintained
redundancy.
Fig. 4.7 presents the total load profile for the commercial area.
As can be seen, the charging of PEVs would have a limited impact
on the DS. However, the impact would be more severe for the
price-optimal strategy under Scenario B, when the PEVs could be
charged both at home and at work.
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Figure 4.7: Load profiles with a 100% penetration of PEVs, com-
mercial area.
Tables 4.3 - 4.6 present total system losses and minimum volt-
age for the different scenarios and control strategies under nor-
mal operation for the day simulated and with 100% penetration of
PEVs. The losses for the reference scenario, without any PEVs,
were 2673.2 kWh for the residential area. As can be seen in the
Table 4.3 and 4.4, the losses increase by between 460-890 kWh
(18-33%). The loss increase is, as expected, lowest for the loss-
optimal strategy and the losses decrease by more than 100 kWh
(about 4%) compared to the uncontrolled strategy. Although the
DS would be overloaded, the price-optimal control strategy would
increase the losses by more than 100 kWh (about 4%) compared
to the uncontrolled strategy and is not favorable from a loss point
of view. The voltage drop is within the limit for all strategies.
For the commercial area, the losses for the reference scenario
were 674.8 kWh. As shown in Table 4.5 and 4.6, the losses in-
crease for all strategies, although the increase is small compared to
the residential area. In contrast to the residential area, the losses
decrease for the price-optimal control strategy compared to the un-
controlled strategy. The voltage drop is small for all scenarios.
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Table 4.3: Losses and minimum voltage in the residential 10 kV
DS for Scenario A.
Losses [kWh] Voltage[pu]
Uncontrolled strategy 3412 0.96
Loss-optimal strategy 3279 0.97
Price-optimal strategy 3560 0.95
Table 4.4: Losses and minimum voltage in the residential 10 kV
DS for Scenario B.
Losses [kWh] Voltage[pu]
Uncontrolled strategy 3244 0.97
Loss-optimal strategy 3134 0.97
Price-optimal strategy 3345 0.95
Table 4.5: Losses and minimum voltage in the commercial 10 kV
DS for Scenario A.
Losses [kWh] Voltage[pu]
Uncontrolled strategy 697 0.98
Loss-optimal strategy 688 0.98
Price-optimal strategy 689 0.98
Table 4.6: Losses and minimum voltage in the commercial 10 kV
DS for Scenario B.
Losses [kWh] Voltage[pu]
Uncontrolled strategy 716 0.98
Loss-optimal strategy 705 0.98
Price-optimal strategy 716 0.98
One of the main reasons for the price-optimal strategy are to
reduce the electricity cost to the customer. Tables 4.7 and 4.8
present the average cost per charge for customers. For the resi-
dential area, the cost of charging according to the price-optimal
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strategy is reduced by about 15% compared to the uncontrolled
strategy for the simulated day. For the commercial area, the cost
is reduced by between 11-16%. Even for the loss-optimal strategy,
the cost is reduced compared to the uncontrolled strategy (about
11% for the residential and 4-16% for the commercial area).
Table 4.7: Cost/charge [SEK] for 100% PEVs for Scenario A.
Residential Commercial
Uncontrolled strategy 7.51 7.51
Loss-optimal strategy 6.61 6.35
Price-optimal strategy 6.29 6.29
Table 4.8: Cost/charge [SEK] for 100% PEVs for Scenario B.
Residential Commercial
Uncontrolled strategy 5.67 4.36
Loss-optimal strategy 5.02 4.19
Price-optimal strategy 4.83 3.85
As can be seen in Tables 4.7 and 4.8, the charge cost is higher for
Scenario B than for Scenario A. The reason for the increased cost
in Scenario A is because that the cost is presented as cost/charge
and fewer, but longer, charge occasions are conducted in Scenario
A. In terms of money, the savings are between 0.9-1.2 SEK/charge
(about US$ 0.15-0.2) for the residential area and between 0.5-1.2
SEK/charge (US$ 0.1-0.2) for the commercial area, if the charging
were conducted according to the price-optimal strategy compared
to the uncontrolled strategy.
As shown in Fig. 3.12, the electricity price varies daily. This
will result in different daily charge profiles and savings for cus-
tomers. The cost presented in Tables 4.7 and 4.8 is the average
cost per PEV for this specific day. Similarly, individual savings
will vary between the PEVs, depending on when they are charged
and to the usage of the PEVs.
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4.3 Impact on the Distribution System
due to Load Management
This section presents the results from the case study for Scenario C,
where no PEVs are available but where some of the existing loads
are variable in time, i.e. variable loads. The same control strategies
were applied on the variable loads as for PEV loads for Scenario
A and B described above. Due to limited information about the
loads in the commercial area, Scenario C is only simulated for the
residential DS.
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Figure 4.8: Load profiles with variable load for the different control
strategies.
By controlling the variable loads according to the loss-optimal
control strategy, the load variance is reduced considerably. Fig. 4.8
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presents the load profiles for the two control strategies. As can be
seen, the variable load (”var. load” in Fig. 4.8) is shifted in time
and the peak load is decreased for the loss-optimal strategy and the
capacity of the DS with maintained redundancy (”cap. incl. red.”
in Fig. 4.8) is no longer violated. However, for the price-optimal
control strategy, the peak load is increased compared to the refer-
ence scenario and the maximal capacity of the DS (”cap. no red.”
in Fig. 4.8) will be violated. As for the case with PEVs, the rea-
son for this is that all customers acquire the same price information
and increase their consumption during low price periods.
Fig. 4.9 presents the variable load for the different control
strategies. The maximal power that is shifted between the loss-
optimal strategy and uncontrolled strategy (reference scenario) is
1.19 MW which correspond to 0.6 kW per customer. For the price-
optimal strategy, the number is 6.6 MW, or 3.4 kW per customer.
The maximal heat capacity in each home was assumed to be 4.5
kW. For the price-optimal strategy, this is limiting the variable
load for hour 14. For the loss-optimal strategy, the variable load
was maximum 1.6 kW per customer.
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Figure 4.9: Variable power for the different control strategies.
As shown in Fig. 4.8 and Fig. 4.9, the variable power is almost
constant for the uncontrolled strategy. Since the model assumes
a constant outside temperature, this results in a close to constant
temperature inside. Fig. 4.10 presents the temperature variation
for the different strategies. Although the temperature is limiting
the variable load for both the loss-optimal and price-optimal strate-
gies, the temperature stays within the limits. As can be seen in
Fig 4.8, the heating system can be turned off for 3 hours without
violating the temperature constrains.
Table 4.9 presents the minimum voltage, total losses and elec-
tricity cost for the different strategies. As can be seen, the voltage
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Figure 4.10: Variations in the temperature in the homes.
variation will decrease for the loss-optimal strategy and increase
for the price-optimal strategy compared to the uncontrolled strat-
egy. However, for all strategies the voltage will remain within the
limitations.
Table 4.9: Minimum voltage, total losses and electricity cost per
customer and day.
Voltage [pu] Losses [kWh] Cost [SEK/cust.]
Uncontrolled 0.97 2673 82.7
Loss-optimal 0.98 2638 82.0
Price-optimal 0.95 2951 81.0
As can be seen in Table 4.9, the total loss for the simulated day
decreases for the loss-optimal strategy by about 1.3%, but increases
for the price-optimal strategy by about 10.4%, compared to the
uncontrolled strategy.
The cost for the customer decreases by about 1.7 SEK/customer
for the simulated day for the price-optimal strategy compared to
the reference case (uncontrolled strategy). In relation to the total
electricity cost, the savings will be about 2%.
4.4 Impact on the Distribution System
due to PEVs and Load Manage-
ment
This section presents the result from the case study for Scenario D
and E, i.e. applying the control strategies both on PEVs and on
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the variable loads in the homes. As for Scenario C, these scenarios
are only performed for the residential area.
Fig. 4.11 presents the load profile for the different control
strategies under Scenario D. As can be seen, the load increases
above the limit for the uncontrolled and price-optimal strategies.
As for Scenario A, the maximum penetration of PEVs is 76% for
the uncontrolled strategy, without considering the redundancy cri-
teria. For the price-optimal strategy, no PEVs can be supported
since the capacity in the DS is violated by the variable load, as
shown in Fig. 4.8. For the loss-optimal control strategy, a full
penetration of PEVs can be supported, without violating the re-
dundancy of the system.
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Figure 4.11: Load profiles with PEVs for Scenario D.
Fig. 4.12, presents the load profile for the different control
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strategies under Scenario E. As can be seen, the uncontrolled strat-
egy can handle a full penetration of PEVs while the load increases
above the limit for the price-optimal strategy. As for Scenario D,
the loss-optimal strategy can handle a full penetration of PEVs,
without violating the redundancy in the system.
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Figure 4.12: Load profiles with PEVs for Scenario E.
As can be seen in Fig. 4.11 and Fig. 4.12, the power of the
variable load varies between Scenarios D and E for the loss-optimal
strategy because both the variable loads and the PEV loads are
controllable in time and can vary mutually while still obtaining
the same cumulative load profile. As shown in Fig. 4.10, the tem-
perature variation increases with the proposed control strategies
for Scenario C. The same holds for Scenarios D and E and are in
fact larger for these scenarios. Fig. 4.13 presents the temperature
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variations for Scenarios D and E. However, the variable load can
be shifted differently given the presence of PEV loads with the
same cumulative load profile. Simulations with a reduced temper-
ature range between 21 ± 0.5◦C provides the same cumulative load
profile but with lesser temperature variations.
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Figure 4.13: Variations in the temperature in the homes.
Tables 4.10 and 4.11 present the minimum voltage, total losses
and average electricity cost per customer, for the different strate-
gies and Scenarios. As can be seen, the voltage variation will
decrease for the loss-optimal strategy and increase for the price-
optimal strategy compared to the uncontrolled strategy. However,
for all strategies, the voltage will remain within the limitations.
The losses are decreased by between 3-4% for the loss-optimal strat-
egy compared to the uncontrolled strategy, while it increases with
13-14% for the price-optimal strategy. The cost is decreasing for
both the loss-optimal and price-optimal strategies compared to the
uncontrolled strategy. The cost reduction is about 1% for the loss-
optimal and about 3% for the price-optimal strategy.
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Table 4.10: Minimum voltage, total losses and average electricity
cost per customer and day for Scenario D.
Voltage [pu] Losses [kWh] Cost [SEK/cust.]
Uncontrolled strategy 0.96 3412 92.38
Loss-optimal strategy 0.98 3277 91.06
Price-optimal strategy 0.94 3892 89.12
Table 4.11: Minimum voltage, total losses and average electricity
cost per customer and day for Scenario E.
Voltage [pu] Losses [kWh] Cost [SEK/cust.]
Uncontrolled strategy 0.97 3243 90.41
Loss-optimal strategy 0.98 3149 89.32
Price-optimal strategy 0.95 3670 87.58
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Chapter 5
Conclusions
This thesis presents an approach to assess the impact of plug-in
electric vehicle (PEV) charging strategies on an open-loop-radial
distribution system (OLR-DS). The approach uses demographical
data and travel surveys to determine when and where the PEVs can
be charged. Three different control strategies are investigated and
applied to the PEVs charging. In addition, the control strategies
are applied to the existing non-time-critical loads in the electrical
distribution system (DS), including space and tap-water heating.
A case study on two sections of the DS of Gothenburg, Sweden,
is performed. The case study shows a large difference in the timing
of when the charging is performed for the two areas, indicating the
importance of considering the type of area where the DS is located,
e.g. by using demographical data. Further, the peak power in the
residential DS will increase by between 21-35% if the charging is
uncontrolled. In the commercial DS, the peak demand will increase
by between 1-3%. If the customers are exposed to hourly electricity
prices and seek to minimize their electricity costs (i.e. in price-
optimal strategy), the peak power will increase by 78% for the
residential area and by 14% for the commercial area. On the other
hand, if the charging is controlled according to the loss-optimal
control strategy, the charging would be conducted during off-peak
hours without increasing the peak demand. However, the reduction
in losses was rather limited, even for a full penetration of PEVs (by
about 4% of the total losses in the system). The main advantage
of this strategy is that it would reduce the need for reinforcement
of the DS.
By applying the loss-optimal control strategy on non-time-critical
loads, i.e. space and tap-water heating, the peak power would be
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reduced by almost 10% without affecting the customers comfort.
The price-optimal control strategy would on the other hand increase
the peak demand by more than 80% compared to the reference
scenario. However, the results indicate that the average saving
from controlling charging and loads according to the price-optimal
strategy will be limited in the Nordic countries (about 3% of the
total electricity cost) and additional measures may be needed to
give customers enough incentives to change their electricity usage
habits.
Chapter 6
Future Work
With recent technology developments in the electrical power sys-
tem (PS), several possibilities would be possible, such as integra-
tion of renewable generation and improved operation of the dis-
tribution system. This study showed that there exists a large po-
tential for load management in the PS, both for existing loads
and PEV loads using different control strategies. However, it was
also shown that using the spot price as the only control parameter
would increase the stress on the distribution system rather than
decreasing it. As a continuation of this work, other more suitable
control strategies, based on customer incentives, will be proposed
and investigated. Additionally, it is proposed to investigate other
alternatives to manage peak power, e.g. local energy storage or
vehicle-to-grid (V2G).
The roll-out of smart meters could provide more detailed load
data, enabling opportunities to perform more accurate studies.
This would be especially valuable when studying the impact of
different control strategies on a low voltage distribution system
(LV-DS). In Gothenburg, smart meters have been in operation
since 2009 and an extensive study of the LV-DS in Gothenburg
can be performed.
The heat model used in this thesis has been simplified to a
large extent. For the continuation of this project, it is proposed to
improve the model to include more details. Similar to load data,
this is also important when studying the LV-DS.
A large share of total electricity consumption in Sweden is used
for heating purpose. During the last years, the number of installed
heat pumps has increased considerably. The characteristics of a
heat pump differs from other heating system and may offer new
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possibilities for the DS. An investigation of if/how the heat pump
could be used and managed to improve the DS is suggested.
With increasing electricity cost, the interest in small scale elec-
tricity production units, such as micro-CHP and photo-voltaic, are
increasing. For the continuation of this work, it is proposed to
investigate how these systems will impact the LV-DS.
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